Obstructive sleep apnea (OSA) has been shown to affect at least 4% of middle-aged men and 2% of middle-aged women in its symptomatic form.
INTRODUCTION
Moreover, familial aggregation of craniofacial morphology in patients with sleep apnea has been shown in several studies. 5, 14 These studies used cephalometric radiographs to examine craniofacial structure. Studies using cephalometrics have demonstrated that the heritability of craniofacial structures is high in twins and families (normal subjects). [15] [16] [17] Recently, a genomewide association study (GWAS) identified five loci influencing facial morphology in Europeans. 18 Thus, there appear to be genes that mediate craniofacial morphology.
Independent of craniofacial heritability, we have previously demonstrated that the volume of upper airway soft tissue structures (tongue, lateral walls, and total soft tissue) demonstrated heritability on the order of 35% to 40%. 19 We have also shown that the volume of the upper airway soft-tissue structures are enlarged in individuals with OSA in a case-control study. 20 Subsequently, we examined craniofacial risk factors for OSA in the same case-control study. The results indicate that a small and shallow mandible is an independent risk factor for OSA in men; inferior-posterior positioning of hyoid bone was associated with sleep apnea in men and women, and the enlargement of tongue volume was likely the pathogenic factor for this hyoid displacement. 21 Previous studies using cephalometry have shown that individuals with apnea have small retroposed mandibles, narrow posterior airway spaces, enlargement of the tongue and soft palate, an inferiorly positioned hyoid bone, and retroposition of maxilla compared with nonapneic individuals.
We performed three-dimensional (3-D) magnetic resonance imaging (MRI) cephalometry of the craniofacial structure in probands with OSA, proband siblings, control subjects, and control siblings, all matched according to age, sex, and ethnicity. The 3-D MRI allows us to make measurements not available on standard cephalometric radiographs, such as mandibular and maxillary width and divergence. The objectives of the current study were to use MRI cephalometry to (1) confirm the heritability of craniofacial risk factors for OSA previously shown by cephalometrics; and (2) examine the heritability of new craniofacial structure that is measurable with MRI. We hypothesized that aspects of craniofacial structures relevant to OSA would demonstrate significant family aggregation.
METHODS

Subjects
We conducted a sib pair "quad" design with four subject groups (see Figure 1 ): (1) probands (apneics); (2) same-sex siblings of proband within 10 y of the age of the proband; (3) normal subjects (controls), matched to the proband for age within 5 y, sex, and ethnicity, and living in the same school district of the matched proband; and (4) same-sex siblings of control subjects within 10 y of the age of the control subject. Age was also included as a covariate in all analyses. Probands had to have an apnea-hypopnea index (AHI) > 15 events/h and have a same-sex sibling within 10 y of age. Control subjects, matched for sex, age, ethnicity, and school district, had to have an AHI < 5 events/h, confirmed with an overnight sleep study. We studied 220 subjects (55 probands and their siblings and 55 control subjects and their siblings). Fifty-five probands and 55 control subjects were the basis for our recently reported case-control study. [19] [20] [21] See supplemental material for additional information about subjects.
Polysomnography
Standard polysomnography techniques were used. 26 See supplemental material and Table 1 for additional information about sleep study methodology and definitions of events.
Magnetic Resonance Imaging
The 3-D MRI was performed using the same methodology in all subjects, using a 1.5-Tesla magnetic resonance scanner to obtain spin-echo axial and sagittal images. The imaging protocols were described in detail in our previous studies. [19] [20] [21] The technicians who performed the magnetic resonance analysis were blinded to the results of the sleep study, so they did not know if the subject was apneic, an apneic sibling, control, or control sibling.
Anatomic Definitions, Measurements, and Analysis
The anatomic definitions, measurements, and analysis strategies were identical to those used in our previous MRI studies, Figure 1 -A schematic of the sib pair "quad" design with four subject groups: (1) probands (patients with obstructive sleep apnea); (2) samesex siblings of proband within 10 y of the age of the proband; (3) control subjects (normal subjects), matched to the proband for age within 5 y, sex, and ethnicity and living in the neighborhood (same school district) of the matched proband; (4) same-sex siblings of control subject within 10 y of the age of the control subject. Family aggregation of the craniofacial risk factors were assessed with an analogous mixed-model analysis of variance but focused on the variance components to quantify the degree of familial aggregation (heritability) for each measurement. and our analysis techniques have demonstrated excellent intrareader and interreader reliability. 21 We have also included additional measures of craniofacial height and area and hyoid distances (Figures 2 through 4) . The anatomic measures analyzed were separated into five independent domains reflecting different aspects of the craniofacial structure: (1) craniofacial angles (6 measures) ( Figure 2 ): sella-nasion-subspinale (SNA), sella-nasion-supramentale (SNB), the difference between the SNA and SNB angles, nasion-sella-basion ("saddle angle," Na-S-Ba), anterior cranial base (ACB) to horizontal plane, and the palatal plane (anterior nasal spine [ANS]-posterior nasal spine [PNS] ) to the anterior cranial base (ACB); (2) mandibular measurements (7 measures): depth, divergence, length corpus, length ramus, width second premolar, width first molar, and width inner gonion; (3) maxillary measurements (4 measures): depth, divergence, width second premolar, and width first molar; (4) hyoid distances (4 measures) ( Figure 3 ): hyoid to retropogonion, hyoid to the third cervical vertebrae (C3), hyoid to sella (S), and retropogonion to the C3; and (5) craniofacial heights and areas (8 measures) (Figures 2 and 4) : upper facial height (UFH), lower facial height (LFH), anterior facial height (equal to UFH + LFH, abbreviated AFH), the ratio of UFH to anterior facial height (AFH), the distance from the posterior nasal spine (PNS) to the anterior arch atlas, the area within the region defined by the nasion (Na), the anterior nasal spine (ANS) and the basion (Ba) (nasopharyngeal area, see Figure 4 ), the area within the region defined by the anterior nasal spine (ANS), menton (Me), third cervical vertebrae (C3) and the basion (Ba) (oropharyngeal area, see Figure 4 ), and the sum of the nasopharyngeal and oropharyngeal areas (naso-oropharyngealarea).
Statistical Analysis
To compare demographic and MRI craniofacial structures among patient groups (apneics, apneic sibs, controls, control A, subspinale; ANS, anterior nasal spine; B, supramentale; Ba, basion; HP, horizontal plane; LFH, lower facial height; Me, menton; Na, nasion; PNS, posterior nasal spine; S, sella; UFH, upper facial height. Left panel: UFH: the distance between Na to ANS. LFH: the distance between ANS to Me. Right panel: SNA angle (S-Na-A) evaluates the relative anteroposterior position of the maxilla to the cranial base. SNB angle (S-Na-B) evaluates the relative antero-posterior position of the mandible to the cranial base and the ANB angle (A-Na-B) the difference between SNA and SNB angle, assessed the anteroposterior relationship between the maxilla and the mandible. Saddle angle (Na-S-Ba): angulation of the cranial base plus indirect determination of the position of the glenoid fossa (depression in the temporal bone where the condyle of the mandible articulates to form the temporomandibular joint). Palatal plane to anterior cranial base angle: angulation of the palatal plane (ANS-PNS) in reference to the anterior cranial base (S-Na). Anterior cranial base to horizontal plane: angulation of the anterior cranial base (S-Na) and the true horizontal plane. sibs), we used a mixed-model analysis of variance (ANOVA) that included random effects for quad and family within quad. If significant differences were found, we examined pair-wise contrasts of interest.
To quantify the degree of family aggregation (heritability) of craniofacial structures, we conducted a mixed-model ANOVA for each measurement, focusing on the variance components. 
Thus, h 2 can be interpreted as the percentage of total variance around the mean of the phenotype measure explained by systematic variance between families, taking into account the matching of families by quads. Variables including sex, age, ethnicity, height, weight, and body mass index (BMI) were then added to the model (as fixed effects) in order to determine adjusted h 2 values. Height was included, based on previous findings that cephalometric measurements and stature are closely correlated in different populations 21, 27, 28 and is heritable. [25] [26] [27] [28] [29] [30] [31] [32] Human height is a highly heritable human trait; twin studies have demonstrated heritability of height was approximately 80%, 29 and several linked loci have been discovered. 30 GWAS have identified many loci associated with height. [31] [32] [33] [34] [35] [36] Cephalofacial anthropometry has been used to estimate stature using regression analysis and showed high reliability and correlation with stature. 27, 28, 37 We believe, therefore, that height is an important contributor to craniofacial characteristics and is heritable. Therefore, we controlled for it in the analysis.
Unadjusted and adjusted intraclass correlation coefficients (ICCs) for the size of the craniofacial structures were also generated, independently between the probands/proband siblings and control subjects/control siblings. This analysis was conducted in order to determine if the family aggregation of these structures is different in normal subjects than in patients with sleep apnea. To assess whether observed differences in the ICC estimates within proband and control pairs were significant, we used a permutation test, comparing the observed difference in ICC estimates to the distribution of differences derived from 1,000 randomly permuted samples. A two-sided P value was calculated as two times the proportion of estimates that were more extreme than the observed ICC difference.
Based on previous literature, 9,15-17,38 our primary a priori hypotheses for this investigation were that within each of the aforementioned craniofacial domains (craniofacial angles, mandibular measurements, maxillary measurements, hyoid distances, and craniofacial heights and areas), specific measurements would demonstrate heritability. To correct for the multiple measures within each domain, we compared the nominal P -values for individual heritability estimates to Bonferroni adjusted alpha levels (α = 0.05 divided by the number of variables tested for each domain) in order to determine statistical significance for novel associations. Based on this method, domain specific Bonferroni corrected levels of significance were: (1) craniofacial angles: P < 0.05/6 (= 0.0083), (2) mandibular measurements: P < 0.05/7 (= 0.0071), (3) maxillary measurements: P < 0.05/4 (= 0.0125); (4) hyoid distances: P < 0.05/4 (= 0.0125); and (5) craniofacial heights and areas: P < 0.05/8 [= 0.0063]). For any craniofacial structure shown to be heritable in previous literature, P < 0.05 was considered significant evidence of replication.
RESULTS
Demographics of Quad Patient Groups
The quad study dataset consisted of 55 sets of four patients, each containing a proband (apneic), a sibling of this proband, a matched control subject, and a sibling of this control subject ( Figure 1 ). Quads were 49.1% male and 45.5% white, 49.1% African American, 3.6% Asian, and 1.8% Hispanic. There were significant differences in age across the groups (P < 0.0001), but because the quad sets were matched by age, group differences in ages were relatively small (Table 1 ). There was no difference in the age of probands and proband-sibs (P = 0.226), but both were significantly older than controls (P = 0.004 and 0.034, respectively) and control-sibs (P < 0.0001 and P < 0.001, respectively). Controls were also significantly older than controlsibs (P = 0.007). To control for the influence of these residual age differences, we included age as a covariate in all models. There was also a significant difference in BMI across groups (P < 0.0001, Table 1 ), although many subjects in all groups were overweight. Probands were significantly heavier than proband-sibs (P < 0.0001), controls (P < 0.0001), and controlsibs (P < 0.0001). Proband-sibs had a larger BMI than controls (P = 0.002) and control-sibs (P = 0.002); thus, they had obesity levels that fell between those of probands and control pairs. Because there is no a priori reason to believe weight affects craniofacial structures, our primary adjusted model included age, Oropharyngeal area: area within the region defined by the anterior nasal spine (ANS), menton (Me), third cervical vertebrae (C3), and the basion (Ba); Naso-oropharyngeal area: the sum of the nasopharyngeal and oropharyngeal areas (Na-ANS-Me-C3-Ba-Na).
sex, ethnicity, and height. However, we also assessed additional models adjusted for these four covariates plus weight and adjusted for age, sex, ethnicity, and BMI.
Sleep Characteristics of Quad Patient Groups
Comparisons of sleep characteristics among the four quad patient groups are shown in Table 1 . There were significant differences in AHI (P < 0.0001) across the groups, which was expected given the study design. Probands were required to have an AHI of 15 or greater (mean ± standard deviation [SD] AHI: 46.8 ± 33.5 events/h) and control subjects an AHI of less than 5 (AHI: 2.2 ± 1.7 events/h). Proband siblings had an AHI of 11.1 ± 15.9 events/h and the control siblings of 4.1 ± 4.0 events/h. The differences in AHI were statistically significant (P < 0.05) for all pairwise comparisons except between controls and control-sibs (P = 0.558). Thus, proband siblings had an intermediate AHI between the probands and control subjects. There were also significant differences across groups for arousal index (P < 0.0001), amount of rapid eye movement (REM) sleep (P = 0.034), and amount of non-REM sleep (P = 0.011). Probands had the highest arousal index, the least amount of REM and delta sleep compared with the other subject groups.
Comparison of Craniofacial Structures Among Quad Patient Groups
Comparison of mean values and standard deviations between the four subject groups for the measurements of craniofacial structure in each domain are shown in Table S1 (supplemental material). Differences between probands and controls for most of these measures are discussed in a previous study. 21 When comparing the four subject groups, we observed significant differences in upper facial height (P = 0.034), mandibular length ramus (P = 0.019), mandibular width inner gonion (P = 0.021), the distance from the retropogonion to the third vertebrae (P = 0.009), the anterior cranial base to horizontal plane angle (P < 0.001) and the distances from the hyoid bone to the retropogonion (P < 0.0001), the third vertebrae (P < 0.001) and the sella (P < 0.001), after adjustment for age, sex, race, and height. When we considered additional models adjusted for BMI in place of height and adjusted for height and weight, most of these differences were no longer statistically significant (Table S1) , whereas a few others that were borderline nonsignificant (including the ratio of upper to anterior facial height, mandibular width first molar, and mandibular depth) became nominally significant (P < 0.05).
When examining the pairwise contrasts of measures significant after age, sex, race, and height adjustment, six of the eight measures that showed significant across-subject group differences had between-group differences that were consistent with being OSA risk factors (see Figure S1 , supplemental material). For the four distance measures (hyoid distances, retropogonion to C3) and the anterior cranial base to horizontal plane angle, probands had larger values than controls (all P < 0.008), controlsibs (all P ≤ 0.011), and proband-sibs (P ≤ 0.051). Moreover, the differences between probands and proband-sibs were typically smaller than those between probands and controls or controlsibs; this relationship is consistent with a risk factor that is heritable. A similar, but opposite, effect was observed for mandible length ramus, with probands and proband-sibs showing significantly smaller lengths than control-sibs (P = 0.003 and 0.009, respectively) and smaller, but nonsignificant, lengths compared to controls (P = 0.118 and 0.219, respectively). The across-group differences observed for upper facial height were driven by the proband-sibs, who had larger heights compared to probands (P = 0.005), controls (P = 0.044) and control-sibs (P = 0.054), and differences in mandibular width gonion were driven by controls, who had smaller widths compared to probands (P = 0.004), proband-sibs (P = 0.009), and control-sibs (P = 0.050).
Heritability Estimates
Craniofacial Angles
We observed significant heritability estimates for five of the six craniofacial angles examined ( Figure 5 and Table S2 , supplemental material). Both before and after covariate adjustment, we replicated previously observed heritability 11 for the sella-nasion-subspinal (SNA) angle, the sella-nasion-supramentale (SNB) angle, the difference between SNA and SNB, the saddle angle (nasion-sella-basion), and the angle between the anterior cranial base (ACB) and the horizontal plane. The heritability estimates for the SNA (h 2 = 38%, P = 0.0022), saddle (h 2 = 55%, P < 0.0001), and ACB to horizontal plane (h 2 = 42%, P = 0.0009) angles remained significant at our Bonferonni corrected P value, even after adjusting for age, sex, race, and height (Model 1 in Table S2 ). Additional adjustment using BMI in place of height (Model 2 in Table S2 ) or weight and height (Model 3 in Table S2 ) did not significantly change the heritability estimates.
Mandibular Measurements
There was significant heritability for mandibular width and length measures both in unadjusted and adjusted models ( Figure 5 and Table S3 , supplemental material).
In unadjusted models, we replicated previously established heritability [11] [12] [13] of ramus length (h 2 = 28%, P = 0.0276), but not corpus length (h 2 = 16%, P = 0.1017). However, after covariate adjustment, the heritability estimate of corpus length became significant (h 2 = 24%, P = 0.0170), whereas ramus length was no longer heritable (h 2 = 15%, P = 0.1387). In addition to these previous observed variables, we observed significant heritability for our novel measures of mandibular width. After adjustment for age, sex, race, and height (Model 1 in Table S3 ), the mandibular width between first molars (h 2 = 30%, P = 0.0050) and width inner gonion (h 2 = 38%, P = 0.0006) both met our multiple comparisons corrected level of significance (P < 0.0063). The heritability of mandibular width between second premolars (h 2 = 30%, P = 0.0065) was borderline significant after Bonferroni correction. No significant heritability was seen for mandibular depth or divergence. In additional models adjusted for BMI in place of height (Model 2 in Table S3 ) and weight and height (Model 3 in Table S3 ), the heritability estimate for mandibular length corpus was no longer statistically significant. All other heritability estimates were not significantly changed.
Maxillary Measurements
Significant heritability was seen for all maxillary measures in either unadjusted or adjusted models ( Figure 5 and Table S4 , supplemental material).
In unadjusted models, we replicated previously found heritability [11] [12] [13] for maxillary unit depth (h 2 = 19%, P = 0.041) and divergence (h 2 = 23%, P = 0.0184) Maxillary divergence (h 2 = 23%, P = 0.0207) remained significant after adjustment, whereas the estimate for unit depth (h 2 = 25%, P = 0.0540) increased, but was not statistically significant. We observed significant heritability for both novel measures of maxillary width, both before and after adjustment for age, sex, race, and height (Model 1 in Table S4 ). Both measures showed heritability close to 50% (maxillary width between second premolar [h 2 = 48%, P = 0.001] and maxillary width between first molar [h 2 = 47%, P < 0.0001]) and maintained significance after Bonferroni correction. Additional adjustment using BMI in place of height (Model 2 in Table S4 ) or weight and height (Model 3 in Table S4 ) did not significantly change the heritability estimates.
Hyoid Distances
Heritability estimates for measurements of hyoid distances are presented in Figure 5 and Table S5 (supplemental material). We demonstrated heritability of the distance from the hyoid bone to the retropogonion in both unadjusted (h 2 = 38%, P = 0.0011) and adjusted (h 2 = 36%, P = 0.0018) analyses (Model 1 in Table S5 ). Heritability of hyoid measures has not been shown before. Moreover, we note that both of these estimates met our strict Bonferroni threshold for significance. No significant heritability was observed for other hyoid distance measures. Additional adjustment using BMI in place of height (Model 2 in Table S5 ) or weight and height (Model 3 in Table S5 ) had minimal effect on the size and interpretation of heritability estimates; the distance from the hyoid bone to the third cervical vertebrae became nominally significant (P = 0.048) in Model 3.
Craniofacial Heights and Areas
Results assessing the heritability of craniofacial areas and heights are presented in Figure 5 and Table S6 (supplemental material). For measures of craniofacial height, which have previously been examined in cephalometrics, [11] [12] [13] we observed significant heritability for only lower facial height (LFH). The estimate of heritability for LFH met our Bonferroni corrected level of significance in both unadjusted (h 2 = 41%, P = 0.0042) and age, sex, race, and height adjusted (h 2 = 33%, P = 0.0058) analyses. For our novel craniofacial area measures, we observed significant heritability at our Bonferroni threshold for the oropharyngeal area both before (h 2 = 45%, P = 0.0001) and after (h 2 = 36%, P = 0.0018) covariate adjustment. The heritability of the naso-oropharyngeal area was nominally significant in unadjusted models (h 2 = 25%, P = 0.017), but not significant after covariate adjustment for age, sex, race, and height (Model 1 in Table S6 ). The borderline significant heritability of naso-oropharyngeal area is presumably driven by the oropharyngeal area, because it is calculated as the sum of the nasopharyngeal and oropharyngeal areas. In additional models adjusted The heritability estimates from unadjusted models and models adjusted for age, sex, race, and height are shown for structures and are shown in each of the five domains. Asterisk: nominally significant (P < 0.05); Double asterisks: significant after Bonferonni correction for multiple comparisons within each domain. SNA, sella-nasion-subspinale angle; SNB, sella-nasion-supramentale angle; Saddle, nasion-sella-basion angle; ACB, anterior cranial base; C3, the third cervical vertebrae; UFH, upper facial height; AFH, anterior facial height (UFH + LFH); PNS, posterior nasal spine; nasopharyngeal area, area within the region defined by the nasion, the anterior nasal spine, and the basion ( Figure 4) ; oropharyngeal area, area within the region defined by the anterior nasal spine, menton, third cervical vertebrae, and the basion ( Figure 4) ; naso-oropharyngeal area, the sum of the nasopharyngeal and oropharyngeal areas.
for BMI in place of height (Model 2 in Table S6 ) or weight and height (Model 3 in Table S6 ), the heritability of the oropharyngeal area was nominally significant, but no longer met our Bonferroni corrected level of significance; lower facial height remained significantly heritable. Table 2 and Table S7 (supplemental material) show the intraclass correlations comparing probands and probands siblings and controls and control siblings independently for craniofacial structures. After adjustment for age, sex, race and height (Model 1 in Table 2 ), we observed nominally significant differences in family aggregation between probands and controls for lower facial height (P = 0.038), anterior facial height (P = 0.020), and the nasopharyngeal area (P = 0.028). Additional adjustment using BMI in place of height (Model 2 in Table S7 ) or weight and height (Model 3 in Table S7 ) did not significantly affect the heritability estimates or interpretation of results. None of these differences remained significant after correction for multiple a Adjusted for age, sex, race, and height. b P value from a permutation test comparing the difference in ICC values between probands and controls to the distribution of differences derived from 1,000 randomly permuted samples. P value was calculated as two times the proportion of differences that were more extreme than the observed result.
Intraclass Correlations Comparing Probands and Proband Siblings and Control Subjects and Control Siblings
c UFH, upper facial height, the distance between nasion to anterior nasal spine ( Figure 2 , left panel). d LFH, lower facial height, the distance between anterior nasal spine to menton (Figure 2, left panel) .
e Nasopharyngeal area, area within the region defined by the nasion, the anterior nasal spine and the basion (Figure 4) . f Oropharyngeal area, area within the region defined by the anterior nasal spine, menton, third cervical vertebrae and the basion (see Figure 4) . g Naso-oropharyngeal area, the sum of the nasopharyngeal and oropharyngeal areas. ICC, intraclass correlation coefficient. Bold type, statistically significant. comparisons. Therefore, our results indicate that family aggregation of these craniofacial structures is similar in normal subjects and in patients with sleep apnea in both unadjusted and adjusted models.
DISCUSSION
This study addressed heritability of craniofacial structures relevant in determining increased risk for OSA. We found that the family aggregation of the craniofacial structures is similar in normal subjects and patients with apnea. We assessed dimensions of craniofacial structures using 3-D MRI. This goes beyond what is possible with cephalometrics, which has been used previously for assessment of heritability of craniofacial structures relevant to OSA 5, 14 and in families and twins of normal subjects. [15] [16] [17] We confirmed heritability of the findings from these cephalometric investigations, in particular SNA angles, SNB angles, saddle angles, lower facial height, and mandibular length. [11] [12] [13] Our study reveals that other relevant measures that could not be detected by cephalometrics are also heritable, specifically the width of the mandible and maxilla. Moreover, we have shown heritability for measures of craniofacial area and distance from the hyoid bone to the retropogonion. Although the craniofacial area and hyoid distance could be measured with cephalometrics, previous studies have not shown that these structures are heritable.
In the current investigation, we have confirmed heritability of craniofacial angles (SNA, SNB, and saddle angle), mandibular body length, lower facial height, and hyoid bone position that have been previously shown in other studies using cephalometrics.
5,14-17 However, cephalometry, the lateral radiograph of the skull, is unable to measure the width of maxillary and mandible. Studies have shown that smaller maxillary width and length are risk factors for OSA when compared to controls. 39 The current study added new insight into craniofacial heritability in patients with sleep apnea by demonstrating heritability of mandibular and maxillary width. It is not surprising that mandibular width and maxillary width were found to be heritable, because alterations in lateral structures bounding the upper airway (i.e., lateral pharyngeal walls) have been shown to be heritable. 19 Moreover, for the first time, we demonstrated that the oropharyngeal area is heritable.
Okubo et al. 40 found that a wider mandibular divergence, a shorter mandibular length, and smaller mandibular base plane enclosed area are risk factors for sleep apnea in Japanese men. This finding that the oropharyngeal box showed heritability may be particularly important in the pathogenesis of OSA, because it suggests that the overall space that is available to accommodate upper airway soft tissues is heritable. In fact, it is likely that a combination of upper airway soft-tissue volumes and craniofacial morphology may be heritable and increase the risk for OSA. It has been shown that the area enclosed by mandibular rami at the transverse level immediately inferior to the hard palate and through the soft palate (r = -0.48, P < 0.001) and the distance from the teeth to the posterior mandible line (r = -0.39, P < 0.01) were significantly correlated with the severity of OSA, indicating the balance between the amount of soft tissue and bony enclosure size surrounding the upper airway is important in the pathogenesis of OSA. 41 Moreover, a MRI study showed that tongue volume to oral cavity ratio was greater in 20 Japanese men with OSA than in normal controls. 42 Using cephalometry, Tsuiki et al. 43 demonstrated larger tongue size in patients with OSA compared to controls after matching for maxillomandibular dimensions. Therefore, increased upper airway soft-tissue volumes, in conjunction with a small mandibular enclosure is likely to play a key role in the pathogenesis of OSA. [41] [42] [43] [44] Genetic and environmental factors may also contribute to the anatomical imbalance. Our goal in this study was not to examine the heritability of the interaction of soft tissue and craniofacial structures, but this is an important endeavor for future studies. The results of the current study also warrant further investigation to identify genes associated with these craniofacial intermediate traits for sleep apnea.
Genes for Craniofacial Structures
In fact, recent studies 18, 45 have identified genes for craniofacial structure. Larkin and colleagues 45 evaluated the role of polymorphisms in 52 candidate genes selected based on potential roles in intermediate pathways for sleep apnea, including craniofacial morphology, ventilatory control, obesity, and inflammation. They hypothesized that these candidate genes were important in the pathogenesis of sleep apnea and could explain the familial aggregation of OSA in European American and African American populations. This candidate gene study identified polymorphisms associated with OSA and the AHI within two genes in European Americans (glial cell-derived neurotrophic factor [GDNF] and C-reactive protein [CRP] ) and one gene in African Americans (serotonin receptor 2a [HTR2A]), which suggested a potential pathogenic pathway for OSA. 45 However, these genes are unlikely to be related to craniofacial structure and the craniofacial genes that were selected in this study did not show significant associations. 41 In a recent GWAS, Liu and colleagues 18 identified five independent genetic loci associated with different facial phenotypes in Europeans. Five candidate genes at these loci were positive regulatory domain containing 16 (PRDM16), paired box 3 (PAX3), tumor protein p63 (TP63), chromosome 5 open reading frame 50 (C5orf50), and collagen type XVII, alpha 1 (COL17A1). Data suggest that the PAX3, PRDM16, and transcription factor Tp63 genes are involved in the determination of the morphology of the human face. 18 The data examining these candidate genes (PAX3, PRDM16, and transcription factor Tp63) provide compelling evidence that gene variants are involved in mediating craniofacial morphology.
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Potential Limitations
There are some potential limitations in the current study. We had more Caucasian males than African American male with apnea. Conversely, there were fewer Caucasian females than African American females with apnea. However, to account for this, cases, controls and their siblings were exactly matched by sex and ethnicity. Therefore, the overall differences between groups were unbiased with respect to ethnicity and sex. Measurement error could also have been a potential problem in this study. However, we followed identical protocols and used the same MRI unit and analysis software to make our upper airway craniofacial measurements for all groups. We had also assessed the reliability of our measurements and, as previously described, we found that the intra-reader correlation was very high (0.98-0.99) and interreader measurement variance between readers was extremely low (0.02-0.53%). 21 The high precision of our MRI measurements of craniofacial structures were also demonstrated in our previous study. 21 Finally, to correct for multiple testing, we used a stringent and conservative multiple testing correction (Bonferroni correction) within the different craniofacial domains.
In conclusion, our study, using MRI to examine craniofacial structure in patients with sleep apnea, their siblings, and in matched controls and their siblings, has advanced our knowledge of heritability of craniofacial risk factors for sleep apnea. We confirmed previous findings from two-dimensional cephalometric studies, but also showed that the mandibular and maxillary width and the size of the oropharyngeal space were heritable. Thus, the overall space that is available to accommodate upper airway soft tissues is heritable. This is likely to be a very important finding for understanding the craniofacial genetic contribution to sleep apnea.
SUPPLEMENTAL MATERIAL
METHODS
Subjects
Patients (probands) with newly diagnosed obstructive sleep apnea (OSA) were recruited from the Penn Sleep Center outpatient practice. 1 Because continuous positive airway pressure (CPAP) has the potential to alter upper airway tissue properties, patients already using CPAP therapy were excluded from the study. Local advertisements were used to recruit control subjects living in the same school district of the matched probands. Controls and probands were matched by ethnicity and sex and within 5 y of age. Controls found to have symptoms of sleep apnea and an apnea hypopnea index greater than 15 events/h were recategorized as probands. Controls with apnea hypopnea indices between 5 and 15 events/h were excluded from the study. Subjects were compensated $100.00 for the polysomnography and $100.00 for the magnetic resonance imaging (MRI). To prevent intentional weight loss after knowing the diagnosis of OSA, the MRI was performed within 1 w of the sleep study. We were unable to determine the duration of the newly diagnosed apnea in the probands. The study was as approved by the University of Pennsylvania Institutional Review Board, and written informed consent was obtained from all subjects. Exclusionary criteria included: (1) age younger than 18 y; (2) subjects chronically taking medications that affected upper airway caliber (i.e., sedatives or benzodiazepines); and (3) MRI exclusions: specifically: (a) body weight > 136 kg (table limit of the magnetic resonance scanner); (b) presence of metallic implants (pacemaker), ferromagnetic clips, etc.; or (c) severe claustrophobia.
Polysomnography
As previously described from our laboratory, 2,3 standard polysomnography operating procedures and scoring were performed in the Penn Center for Sleep Disorders using a computerized polysomnography system (Sandman, Mellville Diagnostics, Ottawa, Ontario, Canada). Controls, siblings of controls, and siblings of probands underwent a full-night polysomnography. Probands with an apnea-hypopnea index (AHI) > 15 events/h initially had a clinical sleep study. If the clinical sleep study was a split night study (diagnostic study in the first half of the night and CPAP in the second half of the night), the probands then underwent a repeat full-night diagnostic sleep study before starting CPAP to determine the AHI in a comparable way to the sleep studies of the rest of the subjects. Polysomnograms were scored by a registered polysomnographic technologist and interpreted by a certified sleep physicians using the standard criteria of Rechtschaffen and Kales 4 and the more recently proposed criteria of the American Academy of Sleep Medicine. 5 Obstructive apneas were defined as airflow cessation for more than 10 sec; hypopneas were defined as a 50% reduction in airflow for more than 10 sec and associated with > than 3% decrement in oxyhemoglobin saturation and/or an arousal. Nasal pressure monitors were used in all subjects to measure airflow.
In addition to AHI, sleep efficiency, total sleep minutes, arousal index, min in nonrapid eye movement (NREM) (stages 1-4) and rapid eye movement (REM) sleep and latency to REM sleep were assessed. Snoring was noted but not quantified.
Magnetic Resonance Analysis
The technicians who performed the magnetic resonance analysis were not blinded to the name of the subject but they were blinded to the results of the sleep study.
Statistical Analysis
Comparisons of demographic variables among groups were assessed using a mixed-model analysis of variance (ANOVA), controlling for correlation within quads. Family aggregation of the craniofacial structures was assessed with two analysis strategies (see Figure 1) . The first analytic approach used an analogous mixed-model ANOVA but focused on the variance components in order to quantify the degree of heritability for each measurement. In the second analytical approach, we estimated intraclass correlations for the craniofacial measurements independently for probands/proband siblings and controls/control siblings der to determine if the heritability of the craniofacial structures is different in normals than in individuals with apnea.
RESULTS
Polysomnography
Sleep efficiency and the amount of time spent in stage 1, stage 2 were not significantly different (see Table 1 ) between the subject groups. However, the amount of REM sleep and the total amount of NREM sleep were significantly different across the groups with the least amount of REM sleep occurring in patients with OSA. The arousal frequency was also significantly different across groups. Patients with OSA manifested the greatest number of arousals. The proband siblings had the second largest number of arousals. (Figure 2 , left panel).
f LFH: lower facial height, the distance between anterior nasal spine to menton (Figure 2 , left panel). g Nasopharyngeal area: area within the region defined by the nasion, the anterior nasal spine and the basion (Figure 4) .
h Oropharyngeal area: area within the region defined by the anterior nasal spine, menton, third cervical vertebrae and the basion (Figure 4) .
i Naso-oropharyngeal area: the sum of the nasopharyngeal and oropharyngeal areas. SD, standard deviation. d Nominally significant heritability estimates (P < 0.05) are presented in bold; Bonferroni-corrected threshold for significance was P < 0.05/6 = 0.0083. See Figure 2 , right panel, for illustration of craniofacial angle. h 2 , heritability estimate.
Figure S1-Within-quad group adjusted mean and 95% confidence interval for craniofacial measures with significant among group differences. The least square means and associated 95% confidence interval after adjustment for age, sex, race, and height are shown for each craniofacial measure that showed a significant difference (P < 0.05) among groups in our mixed model analysis of variance. Estimates are given for each quad group separately (proband, proband sib, control, and control sib). Six of the eight measures (length ramus, ACB to horizontal plane angle, and hyoid distances) had between group differences that were consistent with being OSA risk factors. ACB, anterior cranial base; ANOVA, analysis of variance; C3, third cervical vertebrae. d Nominally significant heritability estimates (P < 0.05) are presented in bold; Bonferroni-corrected threshold for significant was P < 0.05/4 = 0.0125; see Figure 3 for illustration of structures and distances. h 2 , heritability estimate. d Nominally significant heritability estimates (P < 0.05) are presented in bold; Bonferroni-corrected threshold for significant was P < 0.05/8 = 0.0063. See Figure 2 , left panel, and Figure 4 for illustration of craniofacial heights and areas. UFH, upper facial height, the distance between nasion and anterior nasal spine; LFH, lower facial height, the distance between anterior nasal spine and menton; nasopharyngeal area, area within the region defined by the nasion, the anterior nasal spine and the basion; oropharyngeal area, area within the region defined by the anterior nasal spine, menton, third cervical vertebrae and the basion; naso-oropharyngeal area, the sum of the nasopharyngeal and oropharyngeal areas. Estimates adjusted for age, sex, race, height, and weight. c P value comparing from a permutation test comparing the difference in interclass correlation coefficient (ICC) values between probands and controls to the distribution of differences derived from 1,000 randomly permuted samples; P value was calculated as two times the proportion of differences that were more extreme than the observed result.
d UFH: upper facial height, the distance between nasion to anterior nasal spine ( Figure 2 , left panel). e LFH: lower facial height, the distance between anterior nasal spine to menton (Figure 2, left panel) .
f Nasopharyngeal area: area within the region defined by the nasion, the anterior nasal spine and the basion (Figure 4) . g Oropharyngeal area: area within the region defined by the anterior nasal spine, menton, third cervical vertebrae and the basion (see Figure 4) .
h Naso-oropharyngeal area: the sum of the nasopharyngeal and oropharyngeal areas. Bold type, statistically significant.
